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Abstract: Ancient anatomically modern humans (AMHs) encountered other archaic human species,
most notably Neanderthals and Denisovans, when they left Africa and spread across Europe and Asia
~60,000 years ago. They interbred with them, and modern human genomes retain DNA inherited
from these interbreeding events. High quality (high coverage) ancient human genomes have recently
been sequenced allowing for a direct estimation of individual heterozygosity, which has shown
that genetic diversity in these archaic human groups was very low, indicating low population sizes.
In this study, we analyze ten ancient human genome-wide data, including four sequenced with
high-coverage. We screened these ancient genome-wide data for pathogenic mutations associated
with monogenic diseases, and established unusual aggregation of pathogenic mutations in individual
subjects, including quadruple homozygous cases of pathogenic variants in the PAH gene associated
with the condition phenylketonuria in a ~120,000 years old Neanderthal. Such aggregation of
pathogenic mutations is extremely rare in contemporary populations, and their existence in ancient
humans could be explained by less significant clinical manifestations coupled with small community
sizes, leading to higher inbreeding levels. Our results suggest that pathogenic variants associated
with rare diseases might be the result of introgression from other archaic human species, and archaic
admixture thus could have influenced disease risk in modern humans.

Keywords: ancient DNA; genome-wide data; monogenic diseases

1. Introduction

Anatomically modern humans (AMHs) emerged in Africa at least 200,000 years ago [1],
but present-day humans outside Africa descend mainly from the most significant wave
out of Africa ~50,000-70,000 years ago [2,3]. As they were spreading across Eurasia, they
encountered other archaic human species, most notably Neanderthals and Denisovans,
both groups inhabiting Eurasia until up to 40,000 years ago [4,5]. Based on the nuclear
genome, it has been estimated that Denisovans/Neanderthals split from modern humans
about 800,000 years ago, and from each other 640,000 years ago, but also that the ar-
chaic component of the Eurasian gene pool is less closely related to the Denisovans than
to Neanderthals [6].

These encounters have resulted in interbreeding as has been evidenced by portions
of Neanderthal [7] and Denisovan [6] genomes carried by non-African individuals today.
Introgression events into modern humans in Eurasia are estimated to have happened about
47,000-65,000 years ago with Neanderthals [8] and about 44,000-54,000 years ago with
Denisovans [9]. The Neanderthal component of the modern human genome is ubiquitous
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in non-African populations, being on average ~2% [7,10]. Levels of Neanderthal ancestry
however vary among populations; they are for example ~12-20% higher in East Asians
compared to Europeans [11]. Denisovan ancestry in contemporary populations is on
average much less (~0.05% of the autosomal genome); yet, some present-day humans
derive up to ~5% of their ancestry from archaic Denisovans, e.g., present-day Melanesians,
and it has been suggested that Denisovans may have been widespread in Asia during the
Late Pleistocene epoch [6].

Neanderthal introgression introduced new alleles into Eurasian populations that had
emerged in the Neanderthal genealogy. The ones that remain in contemporary Eurasian
populations are associated with various traits that include risks for skin, immune, and
neuropsychiatric diseases [12,13]. For example, introgressed alleles related to immune
system response can increase the risk of inflammation or autoimmunity under environ-
mental factors that alter over time [14,15]. The tradeoff between past selection and current
maladaptation is illustrated by the case of celiac disease. The high frequency of several risk
alleles of genes associated with celiac disease such as IL12A, IL18RAP, and SH2B3 in Euro-
peans have been shown to result from past positive selection events [14]. Taskent et al. [16]
found evidence of Neanderthal introgression in the chemokine receptor (CCR) gene family
that accommodate risk alleles for celiac disease, possibly maintained by selective forces in
the early European population. A nonsynonymous variant of the ZNF365D gene present
in ~32% of Europeans and absent from Africans, also inherited from Neanderthals, is
associated with a higher risk of Crohn’s disease [9]. Likewise, variants of gene cluster
TLR6-1-10 inherited from Neanderthals and Denisovans and present in Europeans and
Asians have been associated with greater susceptibility to allergies [17].

Archaic admixture may also have served as a passage by which more ancient but
functional alleles were reintroduced into Eurasian genomes [18,19]. In addition, some intro-
gressed Neanderthal-derived alleles were adapted to non-African environments and were
thus beneficial to Eurasian AMHs [12,17,20]. Small Neanderthal effective population size
compared to AMHs had however allowed the accumulation of weakly deleterious alleles
in their lineage, and that has also emerged as a genetic cost in the introgression events [21].

Neanderthal DNA experienced strong selective pressures, and that is apparent from
the patterns of surviving Neanderthal DNA across modern Eurasian genomes [22]. Nean-
derthal and Denisovan ancestry has been deleterious on the human genome as is reflected
by its depletion near genes [9]. Patterns of both archaic ancestries are more pronouncedly
on chromosome X and near genes more highly expressed in the testes than in other tis-
sues [23]. A general feature of mixtures of human populations diverged by >500,000 years
may have thus been reduced male fertility.

High quality hominin genomes allow us to analyze substitutions that became fixed
in modern humans after their separation from the ancestors of Neanderthals and Deniso-
vans. To this day, four ancient hominin genomes have been high quality sequenced. The
first of these was the publishing in 2012 of a high-coverage (30 x) genome sequence of a
Denisovan female [13]. The quality of this genome allowed direct estimation of Deniso-
van heterozygosity, which indicated that genetic diversity in these archaic hominins was
extremely low, and it could be inferred that the Denisovans have had a small population
size over the last few hundred thousand years compared with modern humans. In 2014,
the complete genome of a Neanderthal woman, estimated to be from ~120,000 BP, from
the Altai Mountains in Siberia was published [23], and it showed that her parents were
most likely related at the level of half-siblings and her genetic line shows evidence of high
rates of incestuous pairings. In 2017, a ~50,000 years old female Neanderthal from Vindija
Cave in Croatia was sequenced to ~30-fold genomic coverage, and she was determined to
be more closely related to the Neanderthals that mixed with the ancestors of present-day
humans living outside of sub-Saharan Africa than the previously sequenced Neanderthal
from Siberia [10]. This allowed for 10-20% more Neanderthal DNA to be identified in
present-day humans, including variants involved in LDL cholesterol levels, schizophrenia
and other diseases. Among these are variants associated with plasma levels of LDL choles-
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terol (rs10490626) and vitamin D (rs6730714), eating disorders (rs74566133), visceral fat
accumulation (rs2059397), rheumatoid arthritis (rs45475795), schizophrenia (rs16977195),
and the response to antipsychotic drugs (rs1459148). This adds to mounting evidence that
Neanderthal ancestry influences disease risk in present-day humans, particularly with
respect to neurological, psychiatric, immunological, and dermatological phenotypes [24].
In 2020, a high-coverage Neanderthal genome (27 x) of a female from Chagyrskaya Cave,
also in the Altai Mountains, was published, which showed that her ancestors lived in
relatively isolated populations of less than 60 individuals [25]. When this genome was
analyzed together with two previously sequenced Neanderthal genomes, it became clear
that the striatum of the brain has changed considerably, suggesting that the striatum may
have evolved unique functions in Neanderthals, and it can be speculated that striatal genes
may carry Neanderthal-specific changes that were disadvantageous when introduced into
modern humans.

In this study, we analyze ten ancient human genome-wide data, including the four
individuals sequenced in high quality. We screened these ancient genome-wide data for
pathogenic mutations associated with monogenic diseases.

2. Materials and Methods

This study is based on the analysis of the publicly available ancient genome-wide
data with information for up to 1.23 million positions in the genome in hg19 coordinates,
available from Allen Ancient DNA Resource, v.54.1 [26]. In-solution enrichment is a
preferred strategy used to interpret ancient DNA and has been used to analyze the vast
majority of genome-scale ancient DNA published to date [26]. Artificially synthesized
oligonucleotides free in solution act as “baits” to select complementary sequences in a
DNA library, and these are used to acquire genome-wide data. Endogenous components
of the DNA sequencing libraries are in this way enriched by a capture-based method.
Ancient DNA (aDNA) libraries often contain <1% endogenous DNA, with the majority
of sequencing capacity taken up by environmental DNA. By using biotinylated RNA
baits transcribed from genomic DNA libraries, DNA fragments from across the human
genome are captured.This approach makes it feasible to study ancient samples with low
proportions of human DNA and increases the rate of conversion of sampled remains into
comprehensible data. The great majority of aDNA SNP enrichment data sets published
to date have used this “1240k reagent”, for which data were first published in 2015, and
the 1.23 million SNPs are selected to be particularly valuable for studying variation among
modern human populations [27-29]. Heterozygous calls can be made, as the analyzed
samples are shotgun sequenced with high enough coverage to call diploid genotypes. In
order to make it easier to co-analyze datasets, these datasets were generated from bam or
fastq files, and the ends of sequences were trimmed to reduce errors due to ancient DNA
damage in a way that is generally uniform across datasets, and thus these datasets may
be slightly different from that used in the individual publications. For this study, from
the Allen Ancient DNA Resource, we selected the available ancient genome-wide data
obtained from Neanderthal and Denisovan remains (Table 1).

Table 1. Neanderthal and Denisovan genome-wide data analyzed in this study.

SNPs Hit on Original Publication
Species Sample Name Sample Type Gender Estimated Age Location Avr. Coverage Autosomal That Reports the
Targets Data
The Altai roximal Denisova Cave, Altai

1 Neanderthal ¢ Alta proxima female ~120,000 BP Mountains, southern ~52x 1,149,663 Prufer et.al., 2014 [23]

Neanderthal pedal phalanx T .

Siberia, Russia

Vindija Cave bone N .
2 Neanderthal female ~50,000 BP Vindija Cave, Croatia ~30x 1,061,414 Prufer et.al., 2017 [10]

Neanderthal fragments

distal Denisova Cave, Altai Mever et. al

3 Denisovan Denisovan manual female 50,000-30,000 BP Mountains, southern ~30x 1,061,414 yerer abs

phalanx Siberia, Russia 2012 [13]
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Table 1. Cont.

SNPs Hit on Original Publication
Species Sample Name Sample Type Gender Estimated Age Location Avr. Coverage Autosomal That Reports the
Targets Data

Spy Cave upper y . N Hajdinjak et al.,

4 Neanderthal Neanderthal right molar male 39,150-37,880 BP Spy cave, Belgium 0.7x 545,680 2018 [30]

Mezmaiskaya skull fragment Mezmaiskaya Cave, Hajdinjak et al

5 Neanderthal Cave S TasIme male 44,600-42,960 BP P A ~13x 825,034 vt b

of an infant Russian Caucasus 2018 [30]

Neanderthal
distal Chagyrskaya Cave, Altai .

6 Neanderthal Chagyrskaya manual female ~80,000 BP Mountains, southern ~27x 1,061,448 Mafessoni etal.,

Cave Neanderthal P N 2020 [25]

phalanx Siberia, Russia

Goyet Cave fragment of a . . Hajdinjak et al.,

7 Neanderthal Neanderthal right femur female 43,000-42,080 BP Goyet cave, Belgium ~1.5x 887,621 2018 [30]
Les Cottés 5 . " Hajdinjak et al.,

8 Neanderthal Cave Neanderthal tooth female 43,740-42,720 BP Les Cottés Cave, France 1.8 919,572 2018 [30]
Vindija_2 Cave undiagnosed y N . N Hajdinjak et al.,

9 Neanderthal Neanderthal bone fragment female >47,000 BP Vindija Cave, Croatia 0.94% 684,467 2018 [30]

Neanderthal Neanderthal x long bone 213 vears Denisova Cave, Altai
10 mother and a : ] g done o years 118,150-79,350 BP Mountains, southern ~1.7x 871,044 Slon et al., 2018 [31]
: Denisovan hybrid fragment old female - .
Denisovan father 7 Siberia, Russia

The DNA sequences were screened for the presence of 194,515 disease-associated
variants taken from the publicly available database of genes and variants associated with
human diseases DisGeNet [32]. Genotype data were available for 32,644 of these variants
in the ancient genome-wide data. From these, we examined variants with very low contem-
porary population frequencies, f < 0.01, and selected mutations types that would lead to
changes in the composition or length of the produced amino acid sequence, i.e., frameshift,
missense, splice acceptor, splice donor, splice region, start loss, stop gained, and stop
loss variants. The online platforms VarSome (ACMG classification) [33] and ClinVar [34]
were employed to select variants for which there is unequivocal evidence of pathogenic
effect, including pathogenic computational verdict based on various pathogenic predic-
tions, i.e., BayesDel, DANN, DEOGEN?2, EIGEN, FATHMM-MK, LIST-52, M-CAP, MVP,
MutationAssessor, MutationTaster, and PrimateAl [35-37]. The online platform gnomAD,
v3.1.1 [38] was used to obtain contemporary population frequencies of genomic variants.

3. Results

In the analyzed ten archaic human genome-wide data, there were nine pathogenic
mutations in five genes established to be associated with monogenic diseases: five muta-
tions in the PAH gene associated with the rare inherited disorder phenylketonuria, and one
mutation each in the HBB gene causing [3-thalassemia major, the SRD5A2 gene associated
with disturbances in male’s sexual development, the ASPA gene associated with Canavan
Disease, and the MAOA gene associated with Brunner Syndrome in males exclusively.
These are the oldest instances where these mutations have been established (Table 2).

Table 2. Pathogenic mutations established in homozygous state in archaic human genome-wide data.

ACMG

Gene/ Variant/ General Classification/ Altai Vindija Cave Denisovan Spy Cave Mezmaiskaya
Inheritance Coding Effect Information ClinVar Neanderthal Neanderthal Neanderthal Cave Neanderthal
Deletion HBB .
'LE{B ;;fnz 4?33 (ENST00000335295 4):c.20del T;aat;o‘ge:icc / yes NA yes NA NA
€S (p.Glu7GlyfsTer13) 08¢
SNV SRD5A2 . .
5. s v e
SRDoA2 1ee93296 (NM_000348.4):c.680G>A Likely Pathogenic/ yes yes yes NA no
SSens (p.Arg227Gln) 5
SNV PAH .
PAH 1576296470 § . Pathogenic/
IR Nonsense (NM_001354304.2):c.331C>T Pathogenic yes yes yes no no

(p-Argl11Ter)
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Table 2. Cont.

. ACMG . e .
Inh(z:i[tl::\ce Co(}é:;ag;;ect Inzer[rl::tailon Cla(s:sliigi;\:ion/ Neaﬁtl:ll:rllhal \l:ll::rﬂiaeg}a\: Denisovan Nsefa’zdceir:al Cal\\/ll: iln;::\sﬁli(:r);;al
SNV PAH .
1! o athogenic/
1;4]1: Nigzgizg (NM_U((JFl’ 323{3;?-;12%; .)781C>T I;;ngg enic yes yes no no NA
5503085 SNV PAH athogenic
I T PV yes no NA o yes
D I SNV PAH (NM_001354304.2): Pathogenic
I:é—] 1\451322::: (PCASIZEiSOiI;r) lPatt}i\oggenic/ yes yes yes no yes
1s5 SNV PAH athogenic/
lj?]? S to:fzgisjeé d (N M]?%ZZZ;;;?7C>T I;’at:;\oggenic no no no yes no
ASPA 1528940279 SNV As}?A > Pathogenic/ es es es no
AR Missense (NM’?Sgﬁ? 2‘;;‘2?:)41% C Pathogenic ¥ Y Y NA
OA 18! 462 SNV MA_OA ikely Pathogenic/

Kinge N ves e o o Na
Legend: AR—autosome recessive inheritance, yes—variant in homozygous state, no—variant not present, NA—
data not available.

Notwithstanding the precariously small sample size of ancient hominin genotype
data, and in order to illustrate the temporal dynamics of these variants, we compared
the estimated frequencies in hominin communities with their estimated frequencies in
ancient AMH communities (100 BP-52000 BP) [39], and/or their frequencies in contem-
porary human populations [38] (Table 3). The estimated frequencies of these variants are
up to 100 times higher in Neanderthals and Denisovans compared to their frequencies
in ancient AMH communities, and up to 10,000 higher compared to their frequencies in
contemporary human populations, indicating a relentless and consequential downward
trend. In Figure 1, the ratios of the estimated population frequencies in ancient samples [39]
and their contemporary frequencies [38] of all disease-associated variants from the Dis-
GeNet platform are shown, arranged in ascending ratio order. Six out of the nine variants
in Table 3 are among those with the largest overall relative drop in frequency between
ancient and contemporary human populations, in fact within the top 0.1% of the analyzed
variants (n = 26,131), indicating that these particular mutations have been subject to strong
negative selection.

Table 3. Estimated frequencies of pathogenic variants in ancient and contemporary populations. The
frequencies in AMH ancient populations are taken from Toncheva et. al., 2022 [39], and those in
contemporary populations from GnomAD, v3.1.1 [38].
MAF
Ne Ne
dbSNP Gene Allele Count MAF Allele Count MAF (v3.1.1
N+D N+D AH AH gnomAD
Genomes) CP
1563749819 HBB 4 0.2 14 0.003 0.00002
rs9332964 SRD5A2 6 0.3 NA NA 0.00022
1576296470 PAH 6 0.3 30 0.006 0.00004

rs5030850 PAH 4 0.2 22 0.004 0.00003

rs5030851 PAH 4 0.2 48 0.009 0.00012

rs5030853 PAH 8 0.4 8 0.001 0.00032

rs5030846 PAH 2 0.1 36 0.007 0.00004

1528940279 ASPA 6 0.3 NA NA 0.00026
rs72554632 MAOA 4 0.2 2 0.0004 NA

N+D—Neanderthals and Denisovans; AH—Ancient humans; CP—Contemporary populations: NA data not
available.
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Analyzed variants (n=26,131), arranged in ascending ratio order

Figure 1. Ratios of the estimated population frequencies in ancient samples [39] and their contem-
porary frequencies [38] of all disease-associated variants from the DisGeNet platform, arranged in
ascending ratio order. Arrows point to the position of unequivocally pathogenic variants considered
in this study. The genes these variants are constituent of are also given.

The Altai Neanderthal and Denisovan genomes carry the frameshift mutation rs63749819
in the HBB gene (3-globin gene). Deletion of a single nucleotide (delT), located in codon 6,
leads to a premature termination codon causing a truncated or absent HBB protein and
to the anemic syndrome f3-thalassemia. The pathogenic homozygous mutation rs9332964
in the SRD5A2 gene is established in three analyzed samples, the Altai Neanderthal, the
Vindija Cave Neanderthal, and the Denisovan. It alters the structure (p.Arg227GIn) and the
catalytic activity of steroid 5-« reductase 2, which takes part in converting testosterone into
dihydrotestosterone (DHT), and plays a key role in males in the normal development of
male sex characteristics. Our analysis establishes an unusual aggregation of pathogenic
mutations in the PAH gene, e.g., a quadruple homozygous instance in the Altai Neanderthal,
a triple homozygous instance in the Vindija Neanderthal, two homozygous mutations in
the Mezmaiskaya Cave Neanderthal, and in the Denisovan (Figure 2b). The Spy Cave
Neanderthal is a carrier of one homozygous mutation. The contemporary population
frequencies of these mutations are very low, ranging from 0.0003 down to 0.00003. In
contemporary populations, these mutations are clinically significant as a homozygous
biallelic or compound-heterozygous genotype (Figure 2a).
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a)  Homozygous Homozygous Compound
biallelic genotype  biallelic genotype  heterozygous

Cls s ) Cvy )

b) Homozygous Homozygous Homozygous
quadruple mutations triple mutations double mutations
588 ) (8881 ) (=8 11

N1 N2 D

Figure 2. Mutational specter in the PAH gene (a) in contemporary human populations; (b) in the
analyzed archaic human subjects, the Altai Neanderthal (N1), the Vindija cave Neanderthal (N2),
Denisovan individual, and Mezmaiskaya Cave Neanderthal (D).

Three of the pathogenic variants (rs76296470, rs5030850, and rs5030846) in the PAH
gene cause a premature stop codon, resulting in nonsense-mediated mRNA decay (NMD).
The remaining two variants, rs5030851 and rs5030853, are missense, each by itself having a
clinical manifestation in a homozygous state or in a compound heterozygous state.

The pathogenic mutation rs28940279 in the ASPA gene is established in three archaic
hominins, whereas its frequency in contemporary populations is very low, f = 0.0003. This
gene synthesizes the enzyme aspartoacylase, which plays a role in metabolizing N-acetyl-
L-aspartic acid (NAA) into aspartic acid, an integral part of many proteins, and acetic
acid. This c.854A>C mutation leads to the p.Glu285Ala amino acid substitution in the
catalytic domain of aspartoacylase. The mutation in the homozygous state entails very low
enzymatic activity; NAA accumulates causing damage to the myelin sheath of the nerve
cells. This disrupts normal brain development and leads to Canavan disease.

The mutation rs72554632 of the MAOA gene is established in two geographically dis-
tant Altai and Vindija Cave Neanderthals. Its contemporary population frequency could be
considered extremely low, as there is no information about this variant in gnomAD Genome,
v3.1.1. The MAOA gene administers the synthesis of the enzyme called monoamine oxidase
A that inactivates neurotransmitters when brain cell signaling is not needed. The MAOA
enzyme is important for prenatal normal brain development, and subsequent apoptosis
management. The rs72554632 variant is a nonsense mutation (p.GIn296Ter) that causes a
premature stop codon and thus a truncated protein.

4. Discussion

In this study, SNP enriched genome-wide data from 10 archaic human individuals
were analyzed for the presence of mutations associated with monogenic disorders in con-
temporary populations. According to the current EU classification, a condition is a rare
disease if its incidence is less than 5 in 10,000 [40]. In the archaic human genome-wide
data analyzed, we established an unusual congregation of pathogenic variants in the
homozygote state, associated with monogenic diseases. The Altai Neanderthal is estab-
lished to have mutations in the homozygous state causing 3-thalassemia, phenylketonuria,
Canavan disease, and Brunner syndrome; the Vindija Cave Neanderthal is established
to have mutations causing phenylketonuria, Canavan disease, and Brunner syndrome;
the Denisovan individual—f3-thalassemia, phenylketonuria, and Canavan disease. Two
other Neanderthals (Spy Cave Neanderthal and Mezmaiskaya Cave Neanderthal) have
mutations associated with phenylketonuria.

Such a combination of pathogenic mutations is highly unusual in contemporary in-
dividuals, not least due to the extremely low contemporary population frequencies of
these mutations. Only a handful of cases have been described of inbred individuals carry-
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ing autosomal recessive conditions [41,42]. Such an increased incidence of pathogenic
mutations could be the result of inbreeding due to small population sizes of archaic
human communities.

The pathogenic mutation in the SRD5A2 gene is very rare in contemporary popula-
tions, yet it is established in three analyzed female archaic human subjects (Altai Nean-
derthal, Vindija Cave Neanderthal, Denisovan) in a homozygous state, perhaps as a result
of inbreeding. This mutation is not phenotypically expressed in females; disturbances
in sexual development will, however, invariably be manifested in their male offspring.
Modeling results have indicated that a simple reduction in the fertility rate of the youngest
females can have a very important impact on population dynamics [43], and our analysis
might suggest that a reduction in male fertility caused by a monogenic defect might also
have contributed to the Neanderthal demise.

The consequent clinical picture ensuing from the carriership of these pathogenic
mutations in the analyzed archaic human subjects results in severe clinical symptom:s,
summarized in Table 4.

Table 4. Pathogenic mutations in ancient populations and their clinical picture in modern individuals.

Gene/Pathogenic Mutation Established in

Ancient Samples

Symptoms of Monogenic Disorders in Modern Individuals

Anemia

B thalassemia

e  Beginning within the first 2 years of life with life-threatening anemia
HBB and jaundice;
rs63749819 e  Delayed growth, bone problems causing facial changes;

Enlarged spleen and kidneys, liver and heart problems, bones may
be misshapen.

Brain damage/disturbances of brain function

Phenylketonuria (PKU)

e Nervous system (neurological) problems: tremors, epilepsy, seizures,
episodes of self-harm, hyperactivity, intellectual disabilities, behavioral

PAH
rs76296470 rs5030850 rs5030851 rs5030853 problems, psychiatric disorders;
rs5030846 ° Lighter skin, hair and eye color, eczema;
Abnormally small head size—microcephaly;
Musty or mouse-like odor.
Canavan disease
Neonatal/infantile disease:
e  Usually do not develop motor;
e Weak muscle tone (hypotonia);
e Anunusually large head size (macrocephaly);
ASPA . Irritability;
128940279 e  Feeding and swallowing difficulties, seizures, and sleep disturbances may

also develop.

The mild /juvenile form:

o  Mildly delayed development of speech and motor skills starting in childhood.
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Table 4. Cont.

Gene/Pathogenic Mutation Established in
Ancient Samples

Symptoms of Monogenic Disorders in Modern Individuals

MAOA
1572554632

Brunner syndrome in males:

Mild intellectual disability;
Paroxysmal behavioral problems—aggressive or violent outbursts;
Autism spectrum disorder and attention-deficit/hyperactivity
disorder (ADHD);

. Sleep problems, such as trouble falling asleep or night terrors.

Brunner syndrome in carrier females:

° Normal intelligence;
e  Similar episodic symptoms.

Brunner syndrome in homozygous females:

e not reported

4.1. Anemia

The Altai Neanderthal and the Denisovan are carriers of a frameshift mutation in
the HBB gene in the homozygous state associated with the most severe form of anemia—
thalassemia major (Cooley anemia). Carriers of this mutation also have reduced survival.

4.2. Brain Damage and Disturbances of Brain Function

The aggregation of monogenic conditions entailing disturbances of the nervous system
and brain function suggests that these ancient humans had severely damaged brain struc-
ture and function. Phenylketonuria (PKU) is a metabolic disorder that arises when high
protein content foods are consumed, e.g., meats, eggs or dairy products. The symptoms of
PKU are known to vary from mild to severe. It is unclear how Neanderthal and Denisovan
subjects were affected, not only because they appear to have had a differential diet from
anatomically modern humans. The Neanderthals that inhabited the El Sidrén in Spain, for
example, seem to have consumed mushrooms, mosses and pine nuts, and there is no indica-
tion that they consumed meat; those that had inhabited Spy cave in Belgium seem to have
had a meat-heavy diet that included wild mountain sheep and wooly rhinoceros [44], while
other studies indicate that ~100,000 BP Neanderthals that inhabited the Iberian peninsula
had a very varied diet, which also included seafood such as mollusks and bivalves [45].

We have established as many as four pathogenic mutations in the PAH gene in the
Altai Neanderthal, three in the Vindija cave Neanderthal, and two in the Denisovan and
Mezmaiskaya Cave Neanderthal individuals. Each of these mutations alone is associated
with a clinical manifestation of PKU, and such an aggregation is not yet encountered in
contemporary humans to our knowledge.

The rs76296470 mutation is located in exon 3 and generates a stop codon, p. (Argl11¥),
halting the protein synthesis. The other additional mutations in the PAH gene (three in
of Altai Neanderthal, two in the Vindija cave Neanderthal, and one in Denisovan and
Mezmaiskaya Cave Neanderthal individuals) are located downstream (in exons E7 and ES8),
and the synthesized protein is not affected further in carriers of this mutation (Figure 3).

Pro281Leu
p.(Argl11¥) p.(Arg243*) p.(Arg261%) .Ala300Ser

oW iy B3 v

* Ez* E3 *FA*ES* E6 * EA7 *EB*ES*HO* E11 *512*51.’% UTR

12 13 14 15 16 17 18 19 110 111 112 A

Figure 3. Mutational spectrum in the PAH gene in the Altai Neanderthal.
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Faulty functioning of the ASPA gene due to pathogenic mutation causes Canavan
disease. It causes the brain to degenerate into spongy tissue riddled with microscopic
fluid-filled spaces known as the leukodystrophies, and causes damage of brain neurons.

Brunner syndrome is an X-linked recessive disorder that manifests in hemizygous
males that carry the pathogenic mutation rs72554632 in their only copy of the MAOA gene
on the X chromosome. This mutation was established in the female samples from Altai
Neanderthal and Vindija Cave Neanderthal. The allele frequency of rs72554632 is very low
in contemporary human populations, and there are no described cases of homozygous
females; its manifestations in Neanderthal females are therefore difficult to predict.

The specifics of the Neanderthal and Denisovan brain are still unknown [46], and
it is difficult to infer how the considered PAH, ASPA, and MAOA gene mutations have
affected these archaic human relatives. It is conceivable that these mutations are a result
of introgression from Neanderthals, and their detrimental effects on humans have led to
the very low contemporary population frequencies of these mutations. There have been
differences in brain morphology identified between Neanderthals and anatomically modern
humans [47,48]. The introgressed fragments of Neanderthal DNA in the genomes of present-
day non-Africans show that Neanderthal alleles on chromosomes 1 and 18 modify the
expression of two nearby genes, UBR4 and PHLPP1 that play roles in neurogenesis and
myelination. In addition, it has been shown that three modern human amino acids in two
proteins, not present in Neanderthals, cause longer metaphase, resulting in fewer errors
when the chromosomes are distributed. This results in fewer chromosome segregation
errors in modern humans than in the Neanderthal neural stem cell, the cells from which
neurons in the developing neocortex derive [49].

5. Conclusions

Single nucleotide polymorphisms enriched genome-wide data of archaic humans were
analyzed for the presence of pathogenic mutations associated with monogenic disorders.
Established were such mutations in five genes, all with substantial clinical implications.
Along with documenting the oldest instances of these mutations, our analysis indicates an
unusually high incidence in archaic humans compared to contemporary human popula-
tions. More specifically, in the PAH gene, associated with phenylketonuria, we demonstrate
quadruple/triple/double homozygous carriership of pathogenic mutations. Addition-
ally, a nonsense mutation in homozygous state in the MAOA gene is found in a female
Neanderthal subject. It could be speculated that pathogenic mutations in the PAH, ASPA,
and MAOA genes could reflect the brain organization and functionality that is specific to
archaic humans. Our analysis could also suggest that pathogenic mutations associated with
monogenic diseases could be introgressed with genes from other archaic human species
that anatomically modern humans have coexisted and interbred with. The integration
of ancient genome-wide data into a clinical, epidemiological, and population genetics
framework will provide new insight on the history of adaptations in the genus Homo, and
the ways our genetic and non-genetic makeup, together with changes in our environment
and cultural behaviors, influence phenotypic variation in both health and disease.
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